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I.  Introduction 


During  this  rcporiiiii'  pcriofl  {  11-01-!)!  to  1-;{1-:)J).  we  li.ivo  rontinn.-O  ili,.  stn.iy  ..frii.- 
pfilVM-iiiaiirc  ciiaractfrislics  of  llic  metal  .^ratini;  coupled  houiid-lo-niiiiiiiaiid  (  M  TNU  .111. i 
step-hoiiiid-to-mitiiljand  (SHTM)  transilioti  inulti(|iiaiilum  \v(dl( MQ\V)/superlau ic('  i.Sl.Ktr 
harrier  infrared  (III.)  detectors  formed  on  the  ClaAs  atid  IiiP  substrate's  for  8-12  /tiu- focal 
plane  arrays  and  itnage  sensor  applications.  Specific  tasks  performed  included;  (1)  designetl 
anrl  growti  several  (BT.M)  GaAs-  and  (SBTM)  InGaAs-based  QWIP  (quantum-well  infrared 
pliotodetector)  structures  by  MBE  technique,  (2)  fabricated  tlie  metal  grating  couplers  oti 
the  QWIP’s  described  in  (1)  witli  different  granting  periodicities  (1.1,  3.2,  o,  7.2,  and  10  //m) 
and  patterns  (line  and  cross  gratings),  (3)  performed  theoretical  and  experimental  study  of 
the  light  coupling  quantum  efficiency'  vs.  grating  periodicities  for  the  QVVlP's,  and  (  I)  per¬ 
formed  theoretical  and  experimental  study  of  the  dark  current  vs.  tempc'ratiin!  for  the  Ga.\s 
QWIP’s,  Detailed  results  are  discussed  in  Section  111.^,^^^^ 


\Vc  have  grown  two  types  of  BTM  and  SBTM  transition  liiGaAs  QWIPs  by  ii.sing 
the  molecular  beam  epitaxy  (MBE)  technique.  The  SBTM  QWIP  uses  a  lightly  strained 
Ino.07Gao.93As  quantum  well  with  a  short-period  supcrlattice  AIo..iGao.oAs/GaAs  barrier 
grown  on  GaAs  substrate,  and  the  BTM  QWIP  uses  an  InP  latticc-mairh(;d  enlarged 
lno..i7Gao.53As  quantum  well  with  a  short-period  supcrlattice  Ino.i8Gao.MAs/ln„..iTGa„.r,3As 
barrier  grown  on  InP  substrate.  The  results  for  the  SBTM  QWIPs  showcfl  that  flark  current 
at  77  K  was  10  times  lower  than  the  conventional  QWIP  reported  in  the  literature,  and  the 
BTM  QWIP  showed  a  largely  enhanced  intersubband  absorption  at  10.73  //m  (demonst  rated 
for  the  first  time  in  InGaAs).  The  detectivity  for  the  SBTM  QWIP  structure  measured  at 
Brewster  angle  was  found  to  be  2.1  X  10*°  cm^/JTzfW'  at  VI  =  '>  V  ami  T  =  03  K.  To  in¬ 
vestigate  the  performance  characteristics  of  the  InGaAs  BT.M  QWIPs,  we  have  grown  iliree 
InP-based  BTM  QWIP’s  structures  with  three  dopant  concentrations  used  in  tlu;  InCa.As 
quantum  wells  (i.e.,  undoped,  5x  10*'.  and  2x  lO***  cm“^).  Device  fabrication  on  these  wafers 
is  currently  being  undertaken,  and  measurements  of  the  performance  char.ncterislics  wiil  be 
carried  out  in  the  nexte  reporting  period.  To  develop  the  planar  metal  grating  couplcr.s 
for  the  top  and  back  illumination  on  the  QWIPs.  we  have  ilcsigncd  and  fabricated  8  new 
photomasks  with  different  grating  patterns  .and  periodicities.  These  new  masks  arc  currently 
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•iii'i  used  in  tlic  proposfii  sliniy  o|  ('(nipliii^  cfnciciifv  versus  me.tiii.;  | 
r-_n-  ;,re.-i  QWIPs. 

II,  Acliievcments  and  Publications 

SpeTilic  arcorn[)li.slnn<*nl.s  and  pnbliratiotis  arc  smnmariz«‘(l  as  iollows; 
2.1  Research  Accomplishments: 


lerii  >1  i  ieii 
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♦  Performed  a  theoretical  and  experimental  study  of  tlic  liglit  coupling  cpiantnm  efiiciency 
versus  grating  periodicities  for  the  planar  metcal  grating  coupled  GaAs//\lGa.\s  QWIPs 
under  normal  incident  illumination.  A  peak  coupling  (luantum  efiiciency  of  11  ‘X  was 
obtained  for  the  o  /nn  grating  periodicity.  Five  different  gr.ating  periodicities  with  .\  = 
l.l.  3.2,  5,  7,  and  10  /mi  were  used  in  the  present  study,  and  the  results  are  rliscusscd 
in  Section  3.1, 

•  Performed  theoretical  and  experimental  studies  of  the  dark  current  versus  temperalure 
and  bias  voltage  in  the  BTM  and  SBTM  QWIPs.  The  results  reveal  that  thermionic 
emission  is  dominant  current  conduction  mechanism  at  higher  temperatures  (e.g.,  T  > 
60  K)  and  the  resonant  tunneling  current  prevails  at  low  temperatures  (e.g..  T  <  -iO 
K),  Excellent  agreement  between  our  theoretical  calculations  and  experimental  data 
was  obtained  for  both  detector  structures.  A  paper  on  this  study  has  been  submitted 
to  Journal  of  Applied  Physics  for  publication.  Det.ails  of  this  study  arc  discussed  in 
Section  3.2. 

♦  Performed  cross  sectional  Transmission  Electron  Microscopy  (TEM)  analysis  on  several 
BTM  and  SBTM  QWIP  structures.  A  typical  cross  sectional  transmission  electron  mi¬ 
croscopy  (TEM)  photograph  for  an  InGaAs  quantum  weil/InAl.As-lnGaAs  superlattice 
b.arrier  QWIP  is  shown  in  Fig.  2.1. 

•  Performed  the  dark  current,  absorption,  and  photoresponse  measurements  on  the 
SBTM  QWIPs.  A  reduction  of  the  detector’s  dark  current  by  a  factor  of  10  over 
the  conventional  QWIP  has  been  achieved  in  this  detector.  The  detectivity  for  this 
SBTM  QWIP  measured  at  Brewster  angle  was  found  to  be  2.1  X  10'"  cmVTTc/lf  '  at 
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\  V  and  T  =  G.'i  K.  A  paper  on  this  QWIP’s  will  he  published  in  the  I'ehniary 

issue  of  Appl.  IMiys.  belt. 

•  Dc'signod  and  grown  an  InP  latticc-inatchcd  InGaAs  (luanluin  well  with  short-p.uiod 
superlatticc  InAlAs/InGaAs  barrier  QVVIP  structure  with  three  different  <lopiug  con¬ 
centrations  in  the  cpiantum  wells.  The  intersubband  optical  absorption  properly  in 
this  QWIP  has  been  studied.  A  strong  intersubband  infrared  absorption  at  room  tem¬ 
perature  and  A  =  10.73  /tm  has  been  observed  for  the  first  time  in  this  structure. 
.An  integrated  optical  absorption  strength  of  Ia  =  19.5  .\bs-cm_i  was  obtained  at 
the  Brewster's  angle  Og  =  74.5",  which  is  about  five  times  larger  than  that  of  the 
conventional  single  bound-to-bound  transition.  The  results  clearly  indicate  that  the 
enlarged  quantum  well  and  the  broad  miniband  are  superior  for  large  infrared  absorp¬ 
tion  and  detection.  A  paper  on  the  intersubband  absorption  in  this  detector  structure 
has  been  published  in  Appl.  Phys.  Lett,  Nov.  issue,  1991.  To  evaluate  the  perfor¬ 
mance  characteristics  of  this  new  detector  structure,  we  have  grown  three  QWIPs  using 
this  structure  with  different  doping  concentrations  in  the  InGaAs  quantum  well  (i.c., 
undoped,  5  X  10*’^,  and  2,2  X  10*®  cm"®).  Device  fabrication  and  characterization  on 
these  three  QWIP  samples  will  be  made  in  the  next  reporting  period,  and  the  results 
will  be  discussed  in  the  next  quarterly  report. 

2.2.  Journal  and  Conference  Papers: 


1.  Larry  S.  A'u  and  Sheng  S.  Li, “A  Low  Dark  Current,  High  Detectivity,  Grating  Cou¬ 
pled  .AlGa.As/Ga.As  Mulitple  Quantum  Well  IR  Detector  Using  Bound-to- .Miniband 
Transition  for  10  /zm  Detection,” Appl.  Phys.  Lett.,  59  (ll).p.l332,  Sept.9  1991. 


2.  Larry.  S.  Yu.  Sheng  S.  Li,  and  Pin  Ho  “Largely  Enhanced  Bound-to-Miniband  Ab¬ 
sorption  in  an  InGaAs  Multiple  Quantum  Well  with  Short-Period  Supcrlattice  In-  I 
Al.As/InGaAs  Barrier  ”  Applied  Physics  Lett.,  59(21),  p.2712,  Nov.  IS,  1991.  t 


3.  Larry  S.  A  n,  Y.  H.  Wang,  Sheng  S.  Li  and  Pin  IIo,“A  Low  Dark  Current  Step-Bound-to- - 

Miniband  Transition  InGaAs/GaAs/AIGaAs  Multiquantum  Well  Infrared  Detector,’’  . — 

Appl.  Plu  s.  Lett.,  60(8),  24  Feb.,  1992.  ^  - 

— iy  Codes 

Avail  and/or 
Special 
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I.  I/f'irry  S.  ^n,  SIumij'  S.  Li.  II.  Wang,  and  \.  Kao. “A  Siiulv  nl  tlu?  ('oupiiiig  I’illi- 

rifiioy  versus  CIrating  IVriodicity  in  A  .\ormnl  Incident  C!aAs/Al(IaAs  Mult iduaiii uiii 
Well  Infrared  Detector,"’  submitted.  .1.  Appl.  Phys.,  Jan.  !). 


o.  Larry  S.  Yn,  Sheng  S.  Li,  and  Pin  IIo.  “  Obervation  of  Large  Intra-suhband  AI)sori)i  ion 
in  an  InCaAs  Multiple  Quantum  Well  with  Short-Period  Superlatticc  IiuAlAs/liiCIaAs 
liarrier,”  paper  to  be  prc*sentcd  at  the  SPIE'S  1992  SYMPOSIUM  on  Quantum  Wells 
and  Snperlallices,  Somerset,  NJ,  23-27  March, 1992.  Paper  to  be  appeared  in  conf. 
proceeding. 


6.  Sheng  S.  Li  and  Larry  S.  Yu, “A  New  Class  of  Bound-to-Miniband  Transition  III-V 
Multiquantum  Well  Infrared  Detectors,”  paper  to  be  presented  at  the  Conference  on 
Infrared  Detectors  and  Focal  Plane  Arrays  at  OE/Aerospace  Sensing  92”  Orlando,  FL, 
April  20-24,  1992.  Paper  to  be  published  in  the  conference  proceeding. 


2.3.  Workshop  and  Conference 


1.  Dr.  Li  plans  to  attend  the  Innovative  Long-Wavelength  Infrnixd  Detector  Workshop, 
to  be  held  in  (JPL)  Pasadena  CA,  April  7-9,  1992. 

2.  Dr,  Li  plans  to  attend  and  and  present  a  QWIP  paper  at  the  International  Conference 
on  Narrow  Gap  Semiconductors  to  be  held  at  University  of  South  Hampton.  UK,  July 
19-23,  1992. 

3.  Dr.  Li  has  been  asked  to  give  an  invited  paper  at  the  International  IR  Detector 
Workshop,  to  be  held  in  Vancouver,  Canada,  September  7-10,  1993. 


2.4  Interactions  with  Industrial  Research  Laboratories 


1.  Continued  collaborating  with  Dr.  Pin  Ho  of  General  Electric  Co.,  in  Syracuse  NY  to 
grow  the  III-V  multiquantum  IR  detector  structures  for  us  by  molecular  beam  epita.xy 
(MBE)  technique.  The  results  so  far  have  produced  several  journal  and  conference 
papers.  Several  new  QWIP’s  have  been  grown  recently,  and  will  be  processed  into 
devices  in  the  next  reporting  period  for  evaluation. 
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2.  ('otiUmicfl  follaljonilin^  willi  Dr.  V.  C.  Kao  on  tliogrowth  of  (|i!aiiiiiin-\vcll  IK  .ici.-<ior 
I  iK.t.ii I f’s  1a  MDl'.,  t (*ciiiii(|ii«*.  \\f*  plan  <‘ont  iini(:  t  his  ciKlalHa  atiou.  atal  new  fh’siiiii 
will  sent  1.0  Dr.  Kao  to  grow  the  new  QWIl’  struct nres  for  ns. 


•'{.  Continued  collaborating  atid  e.xchanging  technical  information  and  IR  detector  pa  pens 
witli  Dr.  Barry  L<w'ineof  A  T  I’  Bel!  Laboratories.  We  li.'ua?  recently  sent  several  of 
our  QWIRs  samples  to  Dr.  I^cvine  for  evaluation  of  the  performance  chaiaacteristics  of 
our  QWIRs.  We  e.xpect  this  collaborcation  and  e.xchange  of  information  to  strengthen 
in  the  months  ahead. 


III.  Techrtical  Results  and  Discussion 

3.1  A  Study  of  the  Coupling  Efficiency  versus  Grating  Periodicity 
In  A  Normal  Incident  GaAs/AlGaAs  QWIP’s 

A  detailed  study  of  the  dependence  of  coupling  quanttim  efficiency  on  the  grating  peri¬ 
odicity  of  a  planar  metal  grating  coupled  BT.\I  transition  Ga.As/AlGa.As  QWIP’s  has  been 
made  in  this  work.  Five  samples  with  different  grating  periodicities  of  A  =  1.1  ,  3.2,  b,  7, 
and  10  iim  have  been  used  in  this  study.  The  results  showed  that  the  device  with  a  5  /im 
grating  periodicity  yielded  the  best  front  side  coupling  efficiency,  which  is  in  good  agrot-'ment 
with  our  theoretical  prediction.  A  single  pass  quantum  efficiency  {rj)  as  high  ns  11  %  was 
obtained  for  the  front  side  illumination  at  Ap  =  9.8  fim  and  T  =  77  K. 

There  has  been  a  considerable  interest  in  the  edge  illuminated  long  wavelength  quantum 
well  infrared  photodetcctors  (QWIPs)  and  modulators  in  the  atmospheric  window  of  S  -  12 
Several  studies  on  the  phase  modulated  reflection  metal  grating  coupled  QWIPs 
and  arrays  using  a  back  side  illumination  have  been  reported.  Recently,  we  have 

demonstrated  an  amplitude  modulated  metal  grating  coupled  AlGa.As/GaAs  QWIP  with  a 
front  normal  illumination^®"^®.  A  thin  (0.1  fim)  metal  grating  contact  structure  is  formed  on 
the  detector  surface  to  serve  both  as  an  effective  infrared  light  coupler  and  as  ohmic  contacts. 
The  main  advantage  of  using  a  metal  grating  structure  is  that  the  \cctor  of  electric  field  on 
the  metal  grating  is  always  perpendicular  to  the  metal  surfacejwhich  is  essential  for  enhancing 
the  intersubband  absorption  in  the  quantum  well  detectors.  Using  a  5  /im  grating  periodicity, 
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=  77  K  with  froDl  side  normal  illuminalioti.  'I'liis  sinii)lc  but  oxlrciiicly  uniformed  planar 
nielal  gralinfi  coupled  stnu  tnre  is  indcvd  highly  <Icsirablc  for  use  in  llie  large  area  infrare<i 
d(,'teclor  arrays  ami  imago  sensors. 

It,  is  well  known  that  electric  dipole  matrix  element  c.visting  betw(XMi  the  snlibands  of 
a  fpiantiim  well  is  relatively  large.  However,  since  only  the  component  of  IR  radiation  with 
electric  field  vector  perpendicular  to  the  quantum  well  layers  will  give  rise  to  intersubband 
transition  in  the  quantum  wells,  no  intersubband  infrared  absorption  in  the  quantum  wells  is 
e.xpectcd  in  the  ordinarily  bare  surface  at  normal  incidence.  Even  tilted  73°  at  the  Brewster’s 
angle,  due  to  the  large  refractive  index  (n  =  3.3)  of  Ga.As  and  the  anisotropic  character  of  the 
absorption,  only  a  small  fraction,  cos^(t?/3)/  sin(<?B)  =  9%,  of  the  total  transverse  magnetic 
(T.M)  field  intensity  can  be  absorbed.  In  fact,  the  practical  net  absorption  is  only  about 

For  a  large  and  uniformed  surface  illumination,  a  textured  diffraction  surface,  or  metal 
grating,  is  needed  to  induce  the  perpendicular  electric  field  component  for  intersubband 
resonance^*. 

The  key  parameter  which  controls  the  coupling  (juantum  efficiency  of  a  planar  metal 
grating  structure  under  normal  incident  IR  illumination  is  the  grating  periodicity.  In  general, 
the  coupling  quantum  efficiency  is  a  strong  function  of  the  grating  i>eriodicity  for  a  given 
wavelength.  The  amplitudes  of  the  transmitted  wave's  and  the  dilfraclcd  angles  could  vary 
significantly  with  a  change  of  the*grating  periodicity,  I'hereforc,  the  performance  of  a  QWIP 
can  be  greatly  influenced  by  varying  the  grating  periodicity  for  the  top  contacts  in  the 
detector.  The  purpose  of  this  paper  is  to  conduct  a  theoretical  and  e.xpermcntal  stmly  of 
the  relationship  between  the  coupling  quantum  efficiency  and  the  grating  periodicity  in  a 
norr.ial  incident  GaAs/.AlGaAs  quantum  well  IR  detector  at  8  -  10  /nn  wavelength  range. 
The  results  of  this  study  should  be  useful  for  designing  the  normal  incident  metal  grating 
coupled  QVVIPs  for  long  wavelength  infrared  focal  plane  arrays  and  sensing  applications. 

The  GaAs/AIGaAs  QWIP  structure  was  grown  by  using  the  molecular  beam  epita.xv 
(.VIBE)  technique.  The  growth  sequence  for  the  GaAs/AlGaAs  QWIP’s  structure  started 
with  a  1.0  nm  buffer  layer  of  u-GaAs  (1.4  X  lO*'*  cm~^)  grown  on  a  semi-insulating  (S.I.) 
GaAs  substrate.  This  was  followed  by  the  growth  of  a  40-period  of  multiquantum  wells 


G 


uilh  nltcrnatirig  doped  (ti  =  l.-l  x  10‘®  cm"'’)  GuAs  qtiaiitinii  well  layer  wi^ltli  of :{!)  A  aiwl 
iiiulopcfl  /t/o.2.i6V/o.7r,/l-'<  Imrrier  layer  widtli  of  V.H)  A.  Finally,  an  7;+-GaAs  rap  layer  of  0.1 
//m  thick  and  dopant  density  of  2.0  X  10'*  cm"''  was  grown  on  top  of  the  innltiqiianlnin 
well  layer  structure.  To  facilitate  the  photoenrrent  mcasiirefiient.s,  the  inesa-ciched  detector 
arrays  w'cre  made  on  the  highly  doped  GaAs  buffer  layer.  'I’he  area  of  each  det<,'ctor  is  200 
X  200  The  ohmic  contacts  were  formed  by  evaporating  Ati-Gc/Ni/Au  films  on  the 

heavily-doped  GaAs  layers.  A  set  of  metal  grating  contacts  with  difTcrent  periodicities  of 
1.1,  ‘i.2,  0,  7,  and  10  ftm  were  deposited  onto  the  n'^’-type  GaAs  cap  layer  by  using  electron 
beam  evaporation  to  form  the  top  ohmic  contacts. 


As  shown  in  Fig.  3.1,  it  is  assumed  that  the  metal  strips  in  the  grating  contact  structure 
have  a  large  electrical  conductivity  ff  and  a  negligible  thickness  {h  — »  0).  The  metal  is 
equivalent  to  a  lossy  dielectric  with  relative  permittivity  c  =  1  +  ifr/cou;.  When  a  normal 
incident  infrared  light  is  impinging  upon  the  grating  surface,  the  corresponding  transmis.sion 
tnagnetic  field  in  the  GaAs/AlGaAs  quantum  well  region  can  be  expressed  by^^ 

j)  =  Tie*'  +  f;  T„co,(8mir,j/Ay''~-  (1 ) 

mml 

where  To  is  the  zeroth  order  transmission  coefficient,  is  the  Gamma  function  of  order  m, 
and  T,n  =  1»2,  •••)  is  the  high  order  transmitted  wave  amplitud(rs  which  can  be  written 


as 


T  -r  ...AV(A:)/U(r2n), 
h\ik)ik+r2n-.l) 


Tjn.,  =  (-ir 


n  =  1 , 2,  •  •  • 

A,  n  =  1,2, 


(2n-l)xr2n-l/f+(r2n-,) 

where  t  is  the  transmission  coefficient  at  the  GaAs  surface  and  I\+  i.s  given  by 


= (w + i)-'  n 


nsl 


tg+r2n-l  2n 
te  +  r2„  2n  -  1 


(2) 

(•3) 

('!) 


The  grating  coupling  equation  for  the  forward-diffracted  (transmitted)  waves  can  be 
written  as^^ 

nisinOl”*^  =  nosinOi  —  (.5) 

A 


where  Vq  and  tii  denote  the  optical  refractive  indices  of  layers  above  and  beneath  the  grating 
layer,  respectively,  and  are  given  by  no  =  y/co  and  uj  =s  ^/cf,  ']’he  cuton*  periodicity  A^  for 
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llu;  mf.Ii  iMnicU’d  uxxU’  for  /'ivon  incident  angle  0  can  he  e,stiiiiai(.*d  hy  using  ilic  relation 


A.  = 


±n»A 


tn  ss  0. 1,2. '  •  • 


(h) 


u'liere  A  i«  (lie  incident  vvavelengtlj,  c,  is  the  dielectric  constant  of  ClaAs  which  is  e<|nal 
to  10,7.  .Snhstitnting  (??]  into  (i!c|,(C),  the  first  three  cutoff  periodicities  for  the  incident 
wavelength  of  0,8  //ui  under  normal  incidence  were  found  to  be  roughly  equal  to  3,  (!,  and  !) 
//m,  respectively. 


The  angle  dependence  of  the  intersubband  optical  absorption  coefficient  a  as  a  function 
of  the  mth  diffracted  angle  0^  in  the  multiple  quantum  well  layers  can  be  found  by  using 
the  rclation*^’ 


jjml 

where  rn'  is  the  electron  effective  mass  for  CaAs;  fi  is  the  permeability;  is  the  effective 
width  of  the  infinity  potential  quantum  well  which  is  slightly  larger  than  the  finite  potential 
well  width;  c  is  the  speed  of  light  in  free  space;  I  is  the  relative  transition  probability  between 
the  ground  state  and  the  miniband  state  which  is  given  by 


(S) 


where  2Vij  is  the  intersubband  full  width  at  half  maximum  (FWIIM);  (;)  is  the  dipole 
matrix  clement;  Ereh  is  the  exchange  energy  due  to  the  high  doping  concentration;  /j,}  is 
the  Fermi  function  given  as  =  (I  -  cxp{E\,2  —  Ej)lkT\'^\  Ej  is  the  Fermi  level;  k  is  the 
Doltzman  constant;  Ei  and  E^  are  the  energy  eigenvalues  of  the  subbands  in  the  quantum 
well,  which  can  be  found  by  using  the  transfer  matrix  method’".  For  our  present  structure, 
the  parameters  used  in  the  calculation  arc:  Ei  =  96  meV,  £^2  =  210  rneV,  Ereh  =  10  fjieV.  E/ 
=  102,8  meV,  =  3.3,  rn’  =  0.0GG5  mo,  l'i;w  =  62  A,  2?  12  =  20  meV,  and  T  =  77  K.  Fig.3,2 
shows  the  calculated  angle  dependence  of  the  intersubband  absorption  coefficient  a(A,fl() 
under  diffracted  angles  Ot  =:  90®,  50®,  and  25®,  respectively,  I’hc  photocurrcfit  responsivity 
Ilx  of  the  mtiltiquanturn  well  IR  detectors  can  be  expressed  as 


f?A(A)  =  qfA)  • 


(/l/ii') 


(0) 


where  c  is  the  electronic  charge;  G  is  the  pholoconductivc  gain;  r/  is  tlic  detector’s  quantum 
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(rflicicriry  wliidi  <:ni\  \ji;  Hijlci'in'iiK.'il  by  t  Ik;  <,'Xi)r('ssi(Mi 

,,(A)  =  - 


MO) 


wlif'n;  //  i«  (Ik;  total  Ic/igtii  of  tiu;  Ntiporiallico  abHorptioii  region,  A  factor  r;f  1/2  iti  front  of 
(  Ik;  y'liMftiation  above  i.s  indnded  to  arcoiint  for  the  reduction  of  an  nnpolari}c«;<l  light  source. 
My  siil)stitiiting  (2),  (3),  and  (G)  into  (9),  we  obtain  a  normal  incident  singhr  pn«.s 
<|nantiiin  elfieiency  of  11  %,  1.4  %,  and  S.>\%  for  the  samples  with  grating  pcriodiciti(*s  of/!), 
7,  and  10  /<m,  respectively,  at  the  peak  wavelength  Xp  =  9.8  fttn  and  operating  tcmperattire  'P 
=  77  K.  When  an  incident  light  is  polarized  along  the  direction  perpendicular  to  the  grating 
strips,  the  quantum  efficiency  will  increase  by  a  fact  of  two,  which  yields  r/  =  22  %  for  a  .5 
//m  grating  coupled  IR  det<*ctor  under  the  front  side  illumination.  W<'  shall  next  discuss  the 
results  of  our  measurements  on  these  QWIPs  samples. 


Figure  shows  one  of  the  i'abricated  planar  grating  patterns,  which  has  a  grating 
periodicity  .equal  to  <5  fitn.  Measurements  of  detector  performance  and  characteristics  were 
made  in  a  close-cycled  liquid-helium  cryogenic  dewar.  The  photocurrcf)t  was  measured  as 
a  fimction  of  temperature,  wavelength,  and  applied  bias,  using  a  CVl  baser  Digikrom  2-10 
monochromator  and  an  OfllRb  ceramic  element  infrared  source.  Due  U>  the  very  large  device 
re.sistance  and  very  small  values  of  dark  current  I4  present  in  the  device  at  77  K,  the  short- 
ciroiit  measurements  were  used  to  determine  the  photocurrent  Iph^^.  Since  the  metal  surface 
only  has  a  normal  electric  field  vector,  the  x-component  of  the  111  radiation,  is  zero  in  the 
highly  conductive  regime.  Therefore,  the  IR  beam  is  spatially  modulated  in  the  near  field  of 
the  grating,  and  has  a  z-  component  of  the  electric  field  Sg  which  can  induce  perpendicular 
excitation  of  intersubband  resonance.  It  is  noted  that  the  optimal  grating  periodicity  is 
obtained  for  a  grating  periodicity  which  is  neither  too  small  nor  too  close  to  the  incident  IR 
radiation  wavelength.  We  have  found  that  a  grating  periodicity  of  A  =  5  //rti  gives  the  best 
front  cotipling  efficiency,  followed  by  10,  7,  3.2,  and  l.I//m.  This  is  illustrated  in  Figure  .3.4 
for  the  grating  enhanced  intersubband  excitation  at  normal  incidence,  'I’lie  peak  wavele/igth 
was  found  arotind  9,8  /nn  with  its  cutoff  wavelength  around  10,8  //m  at  T  =  77  K.  The 
backside  illumination  experiment  was  conducted  by  illuminating  the  infrared  light  through 
tin*  S.I.  GaAs  substrate*  stirface.  The  results  revealed  that  the  measui<;d  ri*spon,sivities  for 
the  tc*sted  samples  are  <|u!te  similar  to  those  of  the  front  illuminated  sarnphfs  for  mo.st  of 


ili<r  ^rutiiif;  {XTiodiriiics,  However,  the  rc,Hult}»  jiIno  hIiowH  tliai  ilic  7  //m  iMTifnliciiy 

yi*'M<*d  f  lic  best,  (‘oiipiini;  cffincncy  for  the  Ixickxblc  illiimitifU ion. 


We  ;il«o  mcamircil  llu*  anjjlc  <lcfM?inl<*ncc  of  the  pliolocnrrciit  in  onr  j;raiin^  i-oiiph’d 
fJaA«/AIOaA>»  qnantnn)  well  III  <IetectorH.  Fif{urc  'iJ)  xhows  flic  relative  pholoenrrent  an 
a  UiurXiom  of  the  incident  aii^lc  0,  for  the  detector  lining  a  5  //ni  grating  coupler.  Similar 
meannrernent  wan  al»o  performed  for  the  <Ievice  with  a  7  //in  grating  coupler,  and  the  rennil 
in  nhown  in  Figure  d.G.  'I'hc  relatively  alow  variation  witli  ren[)ect  to  the  incident  angle 
indicates  that  there  are  more  than  one  higher  order  inodes  passing  through  the  grating  slit 
and  propagating  into  the  rpiantum  well  layers,  or  the  first  transmitted  TM  mode  is  far  from 
the  cutoff  frequency.  The  results  further  suggest  that  the  high  conducting  metal  strip  grating 
can  be  used  effectively  not  only  as  a  high-efficiency  transmission  coupler  for  front  side  normal 
illumination  hut  also  as  an  efficient  reflection  coupler  for  the  backside  Illumination. 


The  advantages  of  using  the  front  surface  grating  structure  include;  (1 )  it  can  eliminate 
the  undesirable  cross-talk  in  the  detector  arrays  and  clear  the  infrnre<l  image  from  the  effect 
of  multiple  images;  (2)  the  planar  metal  gratings,  unlike  deeply  etched  spatial  gratings, 
offer  extremely  thin  and  smooth  surface  quality,  which  is  good  for  surface  passivation  and 
anti  reflection  coatings:  (-3)  the  planar  structure  is  also  highly  tlesirablc  for  large  integration 
and  higli-spccd  applications;  {i)  the  strip-metal  grating  coupler  structure  does  not  nml 
extra  epitaxial  layer  (whose  thicknc*ss  is  usually  much  larger  than  the  active  multi-quantum 
well  layer  itself)  for  chemical  etching.  Therefore,  it  can  significantly  cut  down  the  molecular 
beam  epitaxy  (MBF)  growth  time  and  material  exhaustion.  Therefore,  a  new  type  of  low 
cost,  high  yield,  aiul  large  area  long  wavelength  infrared  detector  array  can  be  rcali/x;d  by 
using  our  metal  grating  coupled  GaAs/AlGaAs  MQW  detector  structure. 


In  conclusion,  we  have  performed  a  detailed  theoretical  and  experimental  study  on 
the  effect  of  grating  periodicity  on  the  coupling  quantum  efficiency  in  the  normal  incident 
planar  metal  grating  couphxl  GaAs/AICaAs  quantum  well  IR  detectors  in  the  8  -  12  //m 
wavelengths.  The  dependence  of  the  rc*sponsivity  and  <iuanlum  efficiency  on  the  grating 
periodicity  for  these  IK  detectors  have  bwn  investigated.  The  results  sfiowed  that  the  optimal 
grating  periodicity  for  these  MQW  III  <letectors  is  about  5  //m  for  the  front  side  normal 
illumination  and  7  //m  for  the  backside  illumination  case,  A  single  pass  (|uautum  efficiency 
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as  liij^li  as  1 1  %  has  bmi  achieved  for  ihco yiiri  grating  coupled  (laAs/AlCiaAs  MQW  iiifrare<l 
detector,  whicli  is  in  good  agrcvment  with  our  theoretical  prediction.  'I'lie  advantages  of  high 
iinifor/nity,  low  cost,  high  yield,  and  elimination  of  cross-talk  ofn-red  hy  using  a  planar  inc'tal 
grating  coupler  structure  are  cnssential  for  developing  high  <piality  (!a.\s/AlGaAs  (JWII* 
arrays  and  itnage  seii-sors  for  long  wavelength  infrared  applications. 
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InAlAs/lnGaAs 
(30/46A)  SL  layers 


InGaAs  (110  A) 
quantum-well 


Fig. 2.1  Cross  sectional  transmission  electron  microscopy  (TEM)  photograph  for 
an  InGaAs  (1 10  A)  multiquantum  wells  with  short-period  InAlAs  (30  A)- 
InGaAs  (46  A)  superlattice  barrier  QWIP’s. 
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^2  GaAs  BUFFER  LAYER 


Figure  3.1  Configuration  of  a  front  incident  strip  metal  grating  coupler  on  a  GaAs/AlGaAs 
multiple  quantum  well  IR  detector  structure:  (a)  side  view  showing  the  grating  peri¬ 
odicity  A  and  diffraction  angle  (b)  lop  view  of  the  grating  modulation  planes  with 
alternated  high  conductivity  {an)  and  low  conductivity  (cr/)  rt'gions. 
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ABSORPTION  COEFFICIENT  a 


WAVELENGTH  (MICRON) 


Figure  3.2  Calculated  difTraction  angle  dependence  of  intersubband  absorption  a[f>,](c77?~ 
in  the  multiple  quantum  well  layer. 
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Figure  3.3  Top  view  of  tlie  fabricated  AuGe/Xi/Au  metal  grating  pattern  with  a  5  //m 
periodicity  and  a  200  X  200  ^ini^  area  for  front  side  light  coupling  and  ohmic  contact. 
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RELATIVE  RESPONSIVITY  R 


Figure  3.4  Measured  relative  responsivity  versus  grating  periodicity  for  five  different  grat¬ 
ing  periodicities  (1.1,  3.2.  5,  7,  and  10  /nn,  respectively)  at  T  =  77  K. 
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RELATIVE  PHOTOCURRENT  (arb.  unit) 


INCIDENT  ANGLE  (DEGREE) 


Figure  3.5  Relative  photocurrent  7^/,  versus  incident  angle  Oi  of  IR  radiations  for  tlie  front 
side  and  backside  illumination,  using  a  5  /rm  grating  periodicity. 


RELATIVE  PHOTOCURRENT  (arb.  unit) 


Figure  3.6  Relative  photocuncnt  /p/,  versus  incident  angle  of  JR  radiation  for  the  front 
side  and  back  side  illuminations,  using  a  7  /un  grating  periodicitv. 
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3.2  Theoretical  and  Experimental  Studies  of  Dark  Current  in  the  QWIPs 


In  a  (luaiiluin  well  infrared  pliotodetector  (QWIP’s),  tlu*  dark  eiirn'iit  may  lie  aii'^<'d 
cilhcr  from  the  thermionic  emission  or  tunneling  conduction,  and  must  l)e  kept  very  low  in 
order  to  achieve  excellent  signal  to  noise  ratio  performance  in  such  a  detector,  riierefore. 
it  is  extremely  important  to  be  able  to  predict  the  bias  and  temperature  dependence  of  the 
dark  current  in  a  variety  of  long  wavelength  QWIPs. 

In  this  section  we  report  the  theoretical  calculations  of  the  dark  current  as  a  function  of 
temperature  and  bias  voltage  in  two  types  of  QWIPs.  These  include  the  conventional  bound- 
to-continuum  band  (BTC)  and  the  bound- to-miniband  (BTM)  transition  GaAs/AlGaAs 
multiquantum  well  infrared  detectors  (QWIPs)  [1-5].  A  comparison  of  the  calculated  and 
the  measured  dark  current  values  for  both  types  of  QWIPs  is  discussed  in  this  section. 


To  calculate  the  dark  current  of  a  BTC  QWIP  composed  of  a  20-period  multicpiantum 
wells  having  a  well  width  of  40  ,4,  a  480  .4  barrier  width,  and  a  doping  density  in  the  well  of 
N,i  =  1.4  X  10**^ cm~^  (  referred  to  as  sample  A),  we  shall  first  determine  the  effective  number 
of  electrons  n(V)  which  are  excited  out  of  the  quantum  well  [T2]: 

nm=(-^)£nE)T.TiE,  (I) 

where  Lp  is  the  barrier  width,  f(E)  is  the  Fermi  distribution  function,  n(V)  accounts  for  both 
the  thermionic  emission  above  the  barrier  and  the  thermionically  assisted  tunneling  through 
the  miniband.  The  dark  current  of  a  QWIP  is  given  by 


[j{V)  =  n(V)ee(\/)/l 


(2) 


where  e  is  the  electronic  charge,  .4  is  the  device  area,  and  v{V)  is  the  average  electron 
velocity,  which  is  field  dependent  and  can  be  expressed  as 

fiS  4-  I'siS/So)'* 


viV)  = 


(3) 


1  +  {s/s,r 

where  £  is  the  electric  field,  ^  is  the  electron  mobility,  and  £„  is  the  critical  field.  For  GaAs. 
/t  =  8,000  cm^fV.s.,  V,  =  7.7  X  10^  cin/.'i.  and  =  4  x  lO^V/cm. 


For  the  bound-to-miniband  (BTM)  transition  GaAs/AlGaAs  QWIP’s  (referred  as  sam¬ 
ple  B,  as  shov/n  in  Fig. 3. 7),  the  dark  current  is  dominated  by  the  thermionically  assisted 
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l  iMjiiolirif5  ronduction  through  tlie  miniband  inside  the  (iiiaiituin  well  and  siiperlattic  .>  i.ai  ri«T. 
whereas  the  tlierrnionic  emission  above  the  superlattiee  barrier  is  neglinible  l>eeanse  of  the 
high  barrier  (~  300mcV')  for  the  BTM  QWIP.  To  find  the  net  tunneling  current,  we  apply 
the  formulism  [6-S]  of  multibarrier  tunneling  fo  this  Q'VIP'.s.  The  current  density  ./  may  l)e 
computed  .as  the  average  of  the  product  of  the  transtiiission  probability  Y’-T’  and  the  grou[) 
velocity.  i!{k)  =  /t"*  which  is  given  by 

The  transverse  components  of  J  are  equal  to  zero  by  symmetry  rccpnremcni  [(>].  Using 
separation  of  variables,  the  product  IT  *  T|  is  only  a  function  of  the  longitudinal  energy  [S], 
and  the  longitudinal  component  of  J  becomes 

I  -X-rrti\iPt  —  P.<\  ! hT\ 

(5) 


,  ixqm’kT  ,  I +cxp\{Ef  -  k:t)/kr] 

Ji  =  - tt; - Jo  ^  — .VV - T - 


Jo  '  ^i+CTp[iEf-I-i-qV,)/kT] 

where  V4  is  the  bias  voltage  across  one  periorl  of  superlattiee  barrier  layer.  Although  vari¬ 
ations  of  material  properties  with  transmission  coeincient  T  m.ay  cause  a  temperature  de¬ 
pendence  of  T  •  T,  it  is  far  less  sensitive  to  temperature  comparing  to  the  carrier  energy 
distribution  function,  which  is  given  by 

1 .5. . -rMft  r.  _ 

(C) 


. /  4r4?m*I-T„_,  1  -b  ctp[[E/  -  Ei)/kr] 

9\Eiv)  —  l‘^(  I  ,  til.'  c  ..1/ \ 'j 


1  +  ctp[(Ej  -  El-  iiVa)!  kT] 


Since  the  tunneling  process  involves  states  in  the  partially  filled,  cpiasi-coniinuous  con¬ 
duction/valance  bands,  g(E,V)  may  vary  more  strongly  with  temperature.  This  variation  is 
one  of  the  main  effects  which  governs  the  tem|)cralure  behavior  of  the  dark  current  in  the 
QVVlP’s. 


The  bound-state  energies  of  a  one-dimensional  finite  potential  well  can  be  solved  by 
using  the  time-independent  Schroedinger  equation.  The  solution  in  each  region  may  be 
written  .as 

xki  =  (7) 

where 

A,  =  A,  =  0. 


i  =  3,4,  • 


A. 

ki 


kii^i  +  d.x  + - h  </,_j ); 


(S) 


—  ./• 


wlicrf  i.\  ami  /,•“  n’pn'sfiit.s  (lie  of  tiu*  w.ivc  |)r(>p;ii'.it iii'4 

'lin-rtioiis.  rfsfurtivdy,  Cuntiniiily  of  lli«*  u';ivc*  fiiiurlioiis  and  iis  dcri'. 


aliai^  t  Ilf  -*-.r  and 
at  ivf  at  racli  iiilrrl'ai’c 


J'ivf.s  [')] 


where 


5. 


r. 

t, 


~  I 

ki  +  A*, -4. 1 
2A-. 


+  ^*»+i 


(J)) 


(10) 


If  we  niniumc  region  N  as  the  ohmic  contact  and  0]^  =0,  then  we  (an  cah'iilati;  the  wave 
fnnclion  in  any  regions  of  the  device  in  terms  of  Tims,  the  tratiMnl.s-sion  pro)>ahi)ily  ran 
he  written  as 


▼  m 


(11) 


where  0;||  is  the  wave  function  of  an  electron  tunneling  into  the  mth  (|nantuin  well  of  the 
QWIP. 


Figure  3.8  and  Fig.3.9  show  the  transmission  probability  T  »  T  versus  cicctrort  energy 
under  different  bias  conditions  for  sample  A  and  sample  B,  respectively.  In  the  calculaiions  of 
dark  current  we  have  assumed  that  the  field  is  uniformly  distributed  over  the  low-conduct  ing 
superlatticc  (SL)  barrier  layer  regions.  The  voltage  (!«)  cross  each  period  of  superlattice 
is  assumed  equal  to  the  bias  voltage  V  divided  by  the  number  of  SL  period.  It  is  obvious 
that  for  sample  A  at  low  bias  (V  <1  V)  most  of  the  carriers  arc  escaped  from  the  (|uantum 
wells  into  the  continuum  band  over  the  top  of  the  barrier,  whereas  for  sample  B  the  dark 
current  is  due  to  carriers  tunnelling  through  the  miniband  inside  tiie  (|nantum  wells  and  the 
superlatticc  barrier  layer. 
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yif^urn  .'MO  sliou’x  tlic  njcasurcd  dark  rurn'iii.  a.s  a  fiiiu'l  ioii  of  iciiiix-rai  iirc  and  l»ia>  voli* 
age  f<;r  Ha»n()l<*  B  willi  an  area  /I  —  4  X  an<i  doidiij^  concent  r.ii ion  ,V,(  — 

Note  that  a  netjative  differential  eondiietanee  wax  observed  for  teniperalnre  below  '>'>  K. 
iiii(;lyitif5  that  rrfsonatice  tunneling  current  is  xignincani  at  very  low  temperatures. 


'Die  calculated  and  measured  dark  curretit  for  .satnple  A  and  sainpic  B  are  shown  in 
l'‘ig,.'M  I  and  Kig,.3.12,  respectively.  In  the  calculation,  we  asstmie<l  that  tlur  I’lectroti  tnean 
free  path  was  long  enotigh  for  carriers  to  traverse  several  periods  without  lositig  cohereiuir 
due  to  scattering  and  ncglcctc<l  its  field  dependence.  At  low  bias  the  dark  current  In  is 
expected  to  increase  exponentially  with  temperature  (10)  and  can  be  cxprcs8<;d  by 

IdOcexp(-^)  (1’2) 

where  A£  is  the  thermal  activation  energy.  In  order  to  confirm  this  dependence',  the  1 4  vs. 
V  curve's  shown  Fig.3.11  and  Pig.3.12  were  rcplotted  as  a  function  of  temperature,  and  the 
restdts  were  shown  in  Fig.3.13  and  Pig.3.M  for  V  =  0.1  V  ,  rcsi)ectively.  From  the  slope  of 
this  plot  we  found  AE  =  105.4  ineV  for  sample  A  and  AE  =  00.8  nteV  for  samfik?  B,  As 
expected,  both  AE  arc  in  goo<l  agreement  with  that  obtained  from  Fig.3.8  and  I'ig, 

Although  results  of  our  calculations  presented  in  this  wjdion  showisl  reasonable  agree¬ 
ment  with  that  of  the  experimental  data,  further  study  such  as  high  field  phenomenon, 
carrier  transport  mechanism  is  nccdc<l  in  order  to  precisely  predict  the  dark  curn'nt  in  the 
QWlPs,  and  hence  allow  us  to  optimize  the  device  parameters.  Our  ne.xt  step  is  to  accurately 
calculate  the  parameters  of  a  itep-bound-to*miniband  (SBTM)  QWIP  by  modifying  the  pa¬ 
rameters  for  a  real  device,  and  design  new  QWlP’s  strucuires  by  oiJlimixing  the  predictable 
parameters. 
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SAMPLE  A  (BTC  QWIP) 


ENERGY  (meV) 

Figure  3.8  The  calculated  transmission  probability  T *T  versus  electron  energy  under  dif¬ 
ferent  bias  conditions  for  the  bound-to-continuum  band  (BTC)  GaAs/AlGaAs  QWIP's 
(sample  A). 
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SAMPLE  B  (BTM  QWIP) 
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Figure  3.9  The  calculated  transmission  probability  T*T  versus  electron  energy  under  dif¬ 
ferent  bias  conditions  for  the  bound-to-miniband  band  (BTM)  GaAs/AlGaAs  QWTP's 
(sample  B). 


2 


-2.0  -1.5  -1.0  -0.5  0.0 


Figure  3.10  The  measured  dark  current  as  a  I 
the  bound- to- miniband  band  (BTM)  Ga.-' 
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Figure  3.11  The  measured  and  calculated  dark  current  as  a  function  of  bias  voltage  and 

temperature  for  the  bound- to- mini  band  band  (BTM)  GaAs/AlGaAs  QWIP  s  (sample  B). 
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